Abstract-Wave propagation experiences the excess loss in curved tunnels, which is highly desired to involve in the network planning for train-to-x communications. Extensive propagation measurements are conducted in a curved subway tunnel. By subtracting the measured received power in the curved tunnel from the simulated reference power in the equivalent straight tunnel, the excess loss resulting from the tunnel curve is obtained. Finally, tables and figures are provided to quantitatively reveal how the radius of curvature and frequency influence the excess loss in subway tunnels.
I. INTRODUCTION
No matter for public or dedicated train-to-x communication systems, a full understanding of the propagation is mandatary for their deployments in subway tunnels. During the last decades, many works related to the propagation in tunnels have been published and attracted intensive attention [1] , [2] . However, most of these models are sophisticated for the straight tunnels. The excess loss of tunnel curves in different subway tunnel conditions and system configurations has been rarely investigated before. The main contribution of this paper is to present the first-hand measurement results in the subway tunnels to quantitatively reflect how the radius of curvature and frequency influence the excess loss in subway tunnels.
II. MEASUREMENT CAMPAIGN

A. Test system
The test system is introduced as follows: 1) Transmitting system: the transmitting system is comprised of a continuous wave (CW) transmitter (Tx) and a panel antenna. MHz, a Tx with 24 dBm output power is employed to be the Tx; an antenna working at the frequency band 2400-2500 MHz, with 14 dBi gain, 30
• horizontal and 30
• vertical beam widths is utilized. In the cases of 5705 MHz, the Tx is a transmitter with 22 dBm output power; the antenna works at the frequency band 5470-5850 MHz, with 19 dBi gain, 16
• horizontal and 16
• vertical beam widths. In order to avoid possible damage in the measurements, the transmitting system is attached to a pylon located on land. 2) Receiving system: it is composed of a broadband antenna, an amplifier, and a spectrum analyzer, located on a standard subway train. The receiving antenna is with 8.5 dBi gain, 85
• horizontal and 70
• vertical beam widths, located in the front car of the train. An amplifier working at the frequency band 500-6000 MHz is used to amplify the received power. A spectrum analyzer is employed to send the captured received signal power to a laptop, stored for the later processing.
B. Measurement environment
The measurements are conducted in a curved arched tunnel of Madrid's subway. As shown in Fig. 1 , the tunnel includes arched walls and roof, but a plane floor, more like a semicircle. Positions and configurations of the transmitting and receiving systems along the train route inside the tunnel with dimensions 8.41 m × 6.87 m are illustrated in Fig. 1 as well. In the measurements, the three carrier frequencies mentioned above are tested in the two durations with radii of curvatures with horizontal polarized (H-pol.) antennas to get the influence of frequency and curve, respectively.
III. EXCESS LOSS OF TUNNEL CURVE
In order to extract the excess loss of tunnel curve from the total power, a ray tracing simulator (verified in both straight and curved tunnels) is employed to simulate the reference received power by assuming the curved tunnel to be straight. By subtracting the measured power in the curved tunnel from the simulated reference power, the excess loss resulting from the tunnel curve (with the unit of [dB/100 m]) is obtained. In the implementation, such as the network planning, the excess loss can be directly added to the propagation loss in the straight tunnel to predict the total propagation loss inside curved tunnels. Fig. 2 illustrates the excess losses resulting from the tunnel curve with mean values 3.8-6.7 dB/100 m extracted from extensive repeated measurements. 
IV. ANALYSIS OF THE EXCESS LOSS OF TUNNEL CURVE
In this section, how the radius of curvature and frequency influence the excess loss is quantitatively analyzed based on the values (see Fig. 2 ) extracted from the measurements. Fig. 3 shows the excess loss versus radius of curvature in the tunnel at various frequencies with horizontal polarization. It can be found that a smaller radius of curvature corresponds to a higher excess loss at all the three frequencies. This observation is in line with common sense. curve. Thus, in the curved tunnel, the total attenuation rates of various frequencies tend to be similar. In cases of sharp curves, the total attenuation even could increase with the increase of frequency in curved tunnels, which is contradictory to the cases in straight tunnels dominated by waveguide effect. Thus, which frequency has the relatively lower attenuation rate depends on the specific conditions, such as the radius of the curvature, frequency, etc. This paper presents the excess loss of the tunnel curve based on measurements in a real subway tunnel at 920 MHz, 2400 MHz, and 5705 MHz. 3.8-6.7 dB/100 m excess losses are obtained under various conditions. It is found that a smaller radius of curvature leads to a higher excess loss. Moreover, the higher frequency results in a higher excess loss, which means that the relatively lower attenuation rate of higher frequencies in the straight tunnels is reduced by the tunnel curve.
A. Excess loss and radius of curvature
B. Excess loss and frequency
